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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

K+ ! µ+⌫µ (branching ratio=64%)

Neutrino flux at JPARC-MLF
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about 12-15 GeV. As a result, the yield over proton energy, Y/Tp, has a broad 
maximum at the above transition energies. The kaon yield fraction grows with Tp 
and saturates at Tp ~ 6 GeV. Fig. 2 shows energy dependence of Y/Tp for a 
carbon target and for various angular and momentum regions of interest for the 
kaon program [1]. It was also found that at the considered Tp, the yield of kaons 
with momentum p>0.3-0.4 GeV/c is higher from low-Z targets. At the same time, 
the Fermi-motion in nuclei makes the kaon production threshold energy lower 
compared to the hydrogen’s one of 1.7 GeV. As found in MARS15(LAQGSM) 
calculations for the case considered, the appropriate target materials range from 
deuterium to carbon and the effect of secondary interactions in a thick target is 
rather minor. 
 

 
Figure 2. Energy dependence of kaon yields per incident proton kinetic energy Tp for different angle 
and momentum windows (left) and total yields of kaons (right) produced by proton in carbon target. 
 
 
     The K+ and K0 yields become quite interesting at beam energy Tp ~ 2 GeV, 
while a modest increase of proton energy to Tp ~ 2.5 GeV makes the entire kaon 
program – from a particle production standpoint – definitely feasible. Some loss 
in the Y/Tp ratio from not going to a higher energy of 5-6 GeV can easily be 
compensated by a beam power of the CW linac [1]. 
 
     Momentum and angular distributions of kaons, pions and neutrons generated 
on a deuterium target by a 3-GeV proton beam are shown in Fig. 3. Neutral kaon 
distributions coincide with those for K+ (not the case for hydrogen target), while 
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Basic outline of this talk
This neutrino is a completely unique and important 

source for multiple physics measurements.
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
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kinematic distributions given by NuWro to that provided
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kinetic energy prediction with three di↵erent generators
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generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
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near detector
~100s of m

far detector
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?

P [�µ � �e] �= P [�µ � �e] ?CP violation in the  
lepton sector?

Reminder

⌫µ
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The near and far fluxes 
are inherently different!  
So, we need to rely on 

cross section knowledge 
for a proper comparison.

A problem
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The near and far fluxes 
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So, we need to rely on 

cross section knowledge 
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FIG. 2: (Color online) T2K νµ flux energy distributions in the near detector (ND) and far detector

(FD) for tho sets of oscillation parameters according to Ref. [11] and Ref. [16].

is :

ΦFD
νµ

(Eνµ) =

[

1− 4 cos2 θ13 sin
2 θ23(1− cos2 θ13 sin

2 θ23) sin
2

(

∆m2
32L

4Eνµ

)]

ΦND
νµ

(Eνµ). (5)

We use this expression as a definition of the far detector flux. We have kept in this expression

the influence of the angle θ13, which is now measured [15]: sin2 θ13 = 0.024 ± 0.004. Its

effect is not totally negligible and it partly fills the dip of the energy distribution in the

far detector. The oscillated νµ distribution is shown as well in Fig. 2 for the values of the

parameters of Ref. [16] and also for the best fit values of T2K [11] where the effect of θ13

is ignored. The products σ(Eνµ)Φνµ(Eνµ) which represent the distributions of muon events

before reconstruction in the close and far detector are shown in Fig. 3. We now apply

our smearing procedure to these distributions and we obtain the smeared curves also shown

in Fig. 3. The salient features are the broadening effects. In the close detector there is

clear low energy enhancement, an effect of the multinucleon component. In the far detector,

where the unsmeared distribution displays a pronounced dip, the smeared one acquires a

low energy tail and the middle hole is largely filled, an effect also largely due to the np-

nh cross section. All these smearing effects can be described as a tendency to escape the

regions of high fluxes when one goes from true to reconstructed energies. We remind that
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S. Zeller, INT Workshop, Dec 2013 

νµ QE Cross Section as a Function of Eν&
8 

(Review of Particle Properties, to appear in 2014 edition) 

•  reporting σ(Eν) has the advantage that can compare measurements 
  from different experiments  

•  but are we all really  
  measuring the same 
  thing? what is it that  
  we’re each calling QE? 

(Anne Schukraft) 

•  also, now recognized 
  that MA, σ(Eν) are  
  model-dependent 
  quantities, especially 
  when scattering 
  off nuclear targets;  
  diff’l σ in term s of  
  µ,p preferred    

ν&

ν&

Our cross section knowledge is quite weak!

Muon neutrino cross section
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The oscillation probability is a function of neutrino energy…. 
but it’s hard to reconstruct the energy of the neutrino!

Another problem
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The oscillation probability is a 
function of neutrino energy…. 

but it’s hard to reconstruct 
the energy of the neutrino!
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8

Muon-only neutrino energy reconstruction
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vertical lines=true neutrino energy 
distributions=reconstructed neutrino energy
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far detector
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Oscillation?
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Another problem

M. Martini, M. Ericson, and G. Chanfray, Phys. Rev. D 87, 013009 (2013)



And, the size of the 
multinucleon effect on energy/
xsec is not well understood!
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Another problem
How Well are the New 
Models Understood?

• It is very difficult to answer this question 
without a direct measurement

• However, the two most commonly used 
“new” models can be compared

• J. Nieves, I. Ruiz Simo, and M. J. 
Vicente Vacas, PRC 83:045501 (2011)

• M. Martini, M. Ericson, G. Chanfray, 
and J. Marteau, PRC 80:065501 (2009)

• Cross section differs by a factor of 2 to 3 
over a large range of neutrino energies

• Which model is correct?

• Is either model correct?

• Nuclear physics at 1 GeV is difficult
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J. Nieves, I. Ruiz Simo, and M.J. Vicente Vacas, PRC 83 045501 (2011)  
M. Martini, M. Ericson, G. Chanfray, and J. Marteau, PRC 80 065501 (2009)
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Neutrinos Interactions 
Neutrinos interactions are simple… until they aren’t. 
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d u 
W± 

Leptonic current is perfectly predicted in SM… 
…as is the hadronic current for free quarks. 

For inclusive scattering from a 
nucleon, add PDFs for a robust 

high energy limit prediction 

For exclusive, e.g., quasi-
elastic scattering, hadron 
current requires empirical 
form factors. 

If the nucleon is part of a nucleus, it may be modified, off-
shell, bound, etc.  Also, exclusive states are affected by 

interactions of final state hadrons within the nucleus. 

(drawings courtesy G. Perdue) 

K. McFarland, Neutrino Interaction Experiments 30 January 2014 
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Calculation and reconstruction issues

• Neutrino interactions with nuclei are complicated!  

• Fermi motion. 

• Correlations between nucleons. 

• Final state interactions. 

• Detector limitations 

• Energy resolution. 

• Event classification issues.  

• Cerenkov threshold.

13
Increasing com

plication

Adapted from K. McFarland



Problem summary
14

• The systematics associated with the interaction currently lead the 
uncertainties on the predicted number of electron neutrino appearance 
candidates in our long baseline experiments.  

• These systematics are expected to continue to dominate in future neutrino 
CP-violation measurements.

T2K Collaboration, PRL 112, 061802 (2014) 

uncertainty for both the FC and the FV selection is 1%. The
decay-electron rejection cut has errors of 0.2%–0.4%,
depending on neutrino flavor and interaction type. The
uncertainties for the single electronlike ring selection and
π0 rejection are estimated by using the SK atmospheric
neutrino data and SK cosmic-ray muons. Electron-neutrino
CC-enriched control samples based on these cuts were
prepared, and the differences between MC predictions and
data are used to extract the systematic uncertainty. The
uncertainty associated with the π0 background is deter-
mined by constructing a hybrid sample with either an
electronlike ring taken from the atmospheric data sample or
from decay-electrons selected in the stopping muon data
sample, and a MC-generated gamma ray assuming π0

kinematics. The selection cut systematic uncertainty is
calculated to be 1.6% for signal events and 7.3% for
background events. The total SK selection uncertainty is
2.1% for the νe candidate events assuming sin22θ13 ¼ 0.1.
Additional SK systematic uncertainties are due to final-

state interactions (FSI) of pions that occur inside the target
nucleus, as well as secondary interactions (SI) of pions and
photonuclear (PN) interactions of photons that occur out-
side of the target nucleus. The treatment of the FSI and SI
uncertainties is the same as in the previous analysis [28].
For this analysis, a new simulation of PN interactions has
been added to the SKMC. In the final νe event sample, 15%
of the remaining π0 background is due to events where
one of the π0 decay photons is absorbed in a PN interaction.
A systematic uncertainty of 100% is assumed for the
normalization of the PN cross section.

Oscillation analysis.—The neutrino oscillation parameters
are evaluated using a binned extended maximum-like-
lihood fit. The likelihood consists of four components: a
normalization term (Lnorm), a term for the spectrum shape
(Lshape), a systematics term (Lsyst), and a constraint term
(Lconst) from other measurements

LðNobs; x⃗; o⃗; f⃗Þ ¼ LnormðNobs; o⃗; f⃗Þ × Lshapeðx⃗; o⃗; f⃗Þ

× Lsystðf⃗Þ × Lconstðo⃗Þ; (3)

where Nobs is the number of observed events, x⃗ is a set of
kinematic variables, o⃗ represents oscillation parameters,
and f⃗ describes systematic uncertainties. In the fit, the
likelihood is integrated over the nuisance parameters to
obtain a marginalized likelihood for the parameters of
interest.
Lnorm is calculated from a Poisson distribution using the

mean value from the predicted number of MC events.
Lsystðf⃗Þ constrains the 27 systematic parameters from the
ND280 fit, the SK-only cross section parameters, and the
SK selection efficiencies. Table II shows the uncertainties
on the predicted number of signal νe events. TheLshape term
uses x ¼ ðpe; θeÞ to distinguish the νe signal from back-
grounds. An alternative analysis uses x ¼ Erec

ν , the recon-
structed neutrino energy. In order to combine the results

presented in this Letter with other measurements to
better constrain sin22θ13 and δCP, the Lconst term can also
be used to apply additional constraints on sin22θ13, sin2θ23,
and Δm2

32.
The following oscillation parameters are fixed in the

analysis: sin2θ12 ¼ 0.306, Δm2
21 ¼ 7.6 × 10−5 eV2 [29],

sin2θ23 ¼ 0.5, jΔm2
32j ¼ 2.4 × 10−3 eV2 [30], and

δCP ¼ 0. For the normal (inverted) hierarchy case, the
best-fit value with a 68% confidence level (C.L.) is
sin22θ13 ¼ 0.140þ0.038

−0.032 (0.170þ0.045
−0.037). Figure 3 shows the

best-fit result, with the 28 observed νe events. The alter-
native analysis using Erec

ν and a profile likelihood method
produces consistent best-fit values and nearly identical
confidence regions. Figure 4 shows the Erec

ν distribution
with the MC prediction for the best-fit θ13 value in the
alternative analysis.
The significance for a nonzero θ13 is calculated to be

7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 ¼ 0. An alternative method of
calculating the significance, by generating a large number
of toy MC experiments assuming θ13 ¼ 0, also returns a

TABLE II. The uncertainty (rms/mean in %) on the predicted
number of signal νe events for each group of systematic
uncertainties for sin22θ13 ¼ 0.1 and 0. The uncorrelated ν
interaction uncertainties are those coming from parts of the
neutrino interaction model that cannot be constrained with
ND280.

Error source [%] sin22θ13 ¼ 0.1 sin22θ13 ¼ 0

Beam flux and near detector 2.9 4.8
(without ND280 constraint) (25.9) (21.7)
Uncorrelated ν interaction 7.5 6.8
Far detector and FSIþ SIþ PN 3.5 7.3

Total 8.8 11.1
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FIG. 3 (color online). The (pe, θe) distribution for νe candidate
events with the MC prediction using the primary method best-fit
value of sin22θ13 ¼ 0.140 (normal hierarchy).
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Experiment name Type Oscillation 
channel Significance

LSND Low energy 
accelerator

muon to electron 
(antineutrino) 3.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(antineutrino) 2.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(neutrino) 3.4σ

Reactors Beta decay
electron 

disappearance 
(antineutrino)

1.4-3.0σ 
(varies)

GALLEX/SAGE Source 
(electron capture)

electron 
disappearance 

(neutrino)
2.8σ

Wait, one more problem!

See 1508.06275 for a nice look at how a new eigenstate 
 can affect a CP violation measurement



Neutrinos from kaon decay-
at-rest can help!

• Cross section and energy reconstruction problems. 

• The sterile neutrino problem.
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4

can provide directional, calorimetric, and particle iden-
tification information for reconstructing the events. The
muon is identified by requiring a delayed coincidence with
a characteristic decay electron and can also be distin-
guished with a Cerenkov signal since nearly 90% of mo-
noenergetic events produce a muon above the 36 MeV
kinetic energy threshold [in the commonly-used linear
alkyl-benzene based LS]. Stopping µ� are captured 8%
of the time on carbon in the LSND detector [35]. A
veto, in combination with beam timing, can render the
steady state background, mainly coming from cosmic ray
muon decay in the detector, negligible. Notably, the
JPARC-MLF source features an extremely tight beam
window with two 80 ns wide pulses of protons 540 ns
apart at 25 Hz, resulting in a steady state rejection fac-
tor of 4⇥10�6. It is also expected that the JPARC-MLF
LS detector will feature faster electronics than LSND,
although it is di�cult to estimate the achievable muon
momentum and angular resolutions until the detector pa-
rameters, such as photo-coverage and time resolution, are
finalized. For reference, LSND’s 25% photo-coverage re-
sulted in a muon directional reconstruction resolution of
about 12� for muons above threshold and an energy res-
olution of better than 10% at Tµ = 100 MeV [35, 36].

In a best case scenario, the contributions of
the scintillation- and (usually) Cerenkov-ring-producing
muon and scintillation-only proton (or protons, since FSI
and correlations can result in multiple ejected nucleons),
can be separated in LS for a more precise measurement
of the di↵erential cross sections, especially in terms of
reconstructing the momentum of the muon. In practice,
however, this is di�cult and will likely require success-
fully modeling the light production of both the outgoing
proton(s) and nuclear de-excitation gammas.

In a LArTPC, the charged particles created in a neu-
trino interaction, the reconstruction of which is required
in order to infer the energy and flavor of the neutrino
itself, propagate through the liquid argon medium and
create trails of ionization along their paths. An elec-
tric field is imposed in the liquid argon volume and the
trails are drifted through the noble liquid toward a set
of sensing electrodes. The signals in time captured by
the electrodes, usually in the form of a set of wire planes
oriented at an angle with respect to one another, pro-
vide a complete three-dimensional image of the neutrino
event. Calorimetric information is available as the ioniza-
tion collected by the electrodes is related to the amount of
energy deposited along the charged particle tracks. Scin-
tillation light (128 nm) is also produced readily as the
charged particles ionize atoms; argon’s high scintillation
yield is useful for detecting this aspect of the interac-
tion as well, although a wavelength shifter is required in
conjunction with photomultiplier tubes to shift the light
into the visible spectrum and detect it. With sensitiv-
ity to de-excitation gammas, neutrons, protons down to
the few-tens-of-MeV level, and precise calorimetric re-

construction abilities, LArTPC technology is attractive
for detecting and characterizing 236 MeV ⌫µ CC events.
Table I shows the expected number of monoenergetic

⌫µ CC events in both MicroBooNE and the LS detec-
tor at the JPARC-MLF. The MicroBooNE event rate
estimate assumes two years of running NuMI in neu-
trino mode at 700 kW (6 ⇥ 1020 POT/year), consis-
tent with the Fermilab roadmap. Interestingly, NuMI
neutrino mode and antineutrino mode each provide a
similar flux of monoenergetic neutrinos. The JPARC-
MLF event rate estimate assumes four years of running
with a 1 MW beam and 4000 hours/year of operation,
or 3 ⇥ 1022 POT/year, consistent with Ref. [34]. The
neutrino flux at each location has been determined us-
ing GEANT4 [37] (and FLUKA [38] also, in the case
of NuMI) simulations of the sources, noting that kaon
production is highly uncertain at both locations. As an
example, the kaon-induced monoenergetic ⌫µ production
at the 3 GeV JPARC-MLF source is 0.0035 ⌫µ/proton
with GEANT4 but is found to be about 75% higher with
the LAQGSM/MARS (MARS15) software package [39].
The GEANT4 results are used here in order to be con-
servative. The event rate estimates also assume a ⌫µ
CC cross section of 1.3 ⇥ 10�39 cm2/neutron, consis-
tent with the NuWro neutrino event generator for in-
teractions on both carbon and argon at 236 MeV [9] and
the theoretical predictions [40]. The expected neutrino
flux from the JPARC-MLF source in all directions, with-
out regarding potential detector location, in the energy
range 100-300 MeV can be seen in Fig. 1. The 236 MeV
⌫µ and three-body kaon decay “K+

e3” (K+ ! ⇡0e+⌫e,
BR=5.1%) ⌫e distributions are obviously quite promi-
nent.
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FIG. 1. The neutrino flux from 100-300 MeV provided by the
3 GeV proton-on-mercury JPARC-MLF source. The 236 MeV
charged kaon decay-at-rest daughter ⌫µ is easily seen.

The NuWro neutrino event generator has been used
here in order to simulate 236 MeV ⌫µ CC interactions on
carbon and argon. The simulation provides an idea of

Cross section measurements with 
monoenergetic muon neutrinos

J. Spitz, Phys. Rev. D 89 073007 (2014)

This unique neutrino can be used 
to provide a set of cross section 

measurements at a known-energy.

• Reducing systematics associated 
with near/far comparison. 

• Neutrino as a probe of the nucleus. 
• For the first time ever, we can 

probe the nucleus with a known-
energy (muon) neutrino.
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Neutrino flux from typical 
kaon decay-at-rest source (JPARC-MLF)



• The 236 MeV muon neutrino can provide a map of muon angle and kinetic energy 
for a known neutrino energy. This “standard candle” would be unprecedented. 

• This is especially relevant for those experiments which solely rely on muon 
kinematics for reconstructing the neutrino energy. 
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J. Spitz, Phys. Rev. D 89 073007 (2014)
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KDAR kinematics
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• This neutrino energy (236 MeV) is a challenging one to deal with theoretically.  
• The neutrino energy, or rather the characteristic energy transfer, is right at the 

transition between our neutrino-on-nucleus and neutrino-on-nucleon frame- 
works. The impulse approximation, in which it is assumed that the neutrino 
interacts with a single nucleon, breaks down at these lower energies. 

• The various generators/models do not agree!

19



 (MeV), rec (CCQE)νE
0 50 100 150 200 250 300 350 400 450 500

(a
rb

itr
ar

y 
un

its
)

0

2000

4000

6000

8000

10000

12000

14000

 CC Martini et al. model (RPA)µν236 MeV 

QE-like total

np-nh

 CC Martini et al. model (RPA)µν236 MeV 

KDAR kinematics and np-nh
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How Well are the New 
Models Understood?

• It is very difficult to answer this question 
without a direct measurement

• However, the two most commonly used 
“new” models can be compared

• J. Nieves, I. Ruiz Simo, and M. J. 
Vicente Vacas, PRC 83:045501 (2011)

• M. Martini, M. Ericson, G. Chanfray, 
and J. Marteau, PRC 80:065501 (2009)

• Cross section differs by a factor of 2 to 3 
over a large range of neutrino energies

• Which model is correct?

• Is either model correct?

• Nuclear physics at 1 GeV is difficult
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FIG. 2: (Color online) T2K νµ flux energy distributions in the near detector (ND) and far detector

(FD) for tho sets of oscillation parameters according to Ref. [11] and Ref. [16].

is :

ΦFD
νµ

(Eνµ) =

[

1− 4 cos2 θ13 sin
2 θ23(1− cos2 θ13 sin

2 θ23) sin
2

(

∆m2
32L

4Eνµ

)]

ΦND
νµ

(Eνµ). (5)

We use this expression as a definition of the far detector flux. We have kept in this expression

the influence of the angle θ13, which is now measured [15]: sin2 θ13 = 0.024 ± 0.004. Its

effect is not totally negligible and it partly fills the dip of the energy distribution in the

far detector. The oscillated νµ distribution is shown as well in Fig. 2 for the values of the

parameters of Ref. [16] and also for the best fit values of T2K [11] where the effect of θ13

is ignored. The products σ(Eνµ)Φνµ(Eνµ) which represent the distributions of muon events

before reconstruction in the close and far detector are shown in Fig. 3. We now apply

our smearing procedure to these distributions and we obtain the smeared curves also shown

in Fig. 3. The salient features are the broadening effects. In the close detector there is

clear low energy enhancement, an effect of the multinucleon component. In the far detector,

where the unsmeared distribution displays a pronounced dip, the smeared one acquires a

low energy tail and the middle hole is largely filled, an effect also largely due to the np-

nh cross section. All these smearing effects can be described as a tendency to escape the

regions of high fluxes when one goes from true to reconstructed energies. We remind that

9
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Table 2. Number of neutrinos per m2 crossing a surface placed on–axis at a distance of 100 km
from the target station during 200 days for 2.0 GeV protons and positive and negative horn current
polarities.

positive negative

N⌫ (⇥1010)/m2 % N⌫ (⇥1010)/m2 %

⌫µ 396 97.9 11 1.6

⌫̄µ 6.6 1.6 206 94.5

⌫e 1.9 0.5 0.04 0.01

⌫̄e 0.02 0.005 1.1 0.5
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Figure 3. Neutrino fluence as a function of energy at a distance of 100 km on–axis from the
target station, for 2.0 GeV protons and positive (left) and negative (right) horn current polarities,
respectively.

are directed towards the detector). The horn focusing allows to enhance the number of

neutrinos directed towards the detector by a factor 7.4.

6 Underground Detector Site

In the search for a suitable site for the large underground Water Cherenkov detector some

preliminary investigations have been made of the Northern Garpenberg mine at 540 km

NNW of the ESS site in Lund. The construction of the ore hoist shaft of this mine and the

nearby decline (descending transport tunnel) started in the 1960s. The current shaft depth

of 830 m was reached in 1994 and the depth of the decline (of cross section 5⇥6 m2), which

was 1000 m in 1998, has later been extended to 1230 m. In 2012 300000 tons (=110000 m3)

of ore was transported with trucks on the decline up to the shaft hoist at 830 m depth and

hoisted up to the ground level. The hoist, shaft and head–frame (hoist surface tower) will

no longer be used as from end of 2014. To preserve them will require their maintenance.

– 10 –

ESSνSB: δCP search in Europe T2K: δCP search in Japan 

Direct relevance to future  
CP violation searches



Figure 4: Comparison of the fluxes from SPL and βB.

reconstruction. As ultimate goal suggested in Ref. [16] a 2% systematical error is used
as default both for signal and background, this would be achieved by a special care of the
design of the close position. However, we discuss also how a 5% systematical error affects the
sensitivities. Using neutrino cross-sections on water from Ref. [33], the number of expected
νµ charged current is about 98 per kt yr. In Fig. 4 we compare the fluxes from the SPL to
the one from the βB.

3.4 The atmospheric neutrino analysis

The simulation of atmospheric neutrino data in MEMPHYS is based on the analysis pre-
sented in Ref. [30], with the following differences:

• We replace the neutrino fluxes at Kamioka with those at Gran Sasso. We use the
Honda calculations [54], which unfortunately are not yet available for the Fréjus site.
However, since the fluxes increase with the geomagnetic latitude and Fréjus is northern
than Gran Sasso, our choice is conservative.

• We take into account the specific geometry of the MEMPHYS detector. This is partic-
ularly important to properly separate fully contained from partially contained events,
as well as stopping muon from through-going muon events.

• We divide our total data sample into 420 different bins: fully contained single-ring
events, further subdivided according to flavor (e-like or µ-like), lepton momentum (8
bins: 0.1–0.3, 0.3–0.5, 0.5–1, 1–2, 2–3, 3–5, 5–8, 8–∞ GeV) and lepton direction (20
bins in zenith angle); fully contained multi-ring events, further subdivided according
to flavor (e-like or µ-like), reconstructed neutrino energy (3 bins: 0–1.33, 1.33–5, 5–
∞ GeV) and lepton direction (10 bins in zenith angle); partially contained µ-like events,
divided into 20 zenith bins; up-going muons, divided into stopping and through-going
events, and in 10 zenith bins each.

10

CERN Super Proton Linac 
and β-beam; δCP search in Europe 
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section by decreasing the solenoid field from 3.7 to 1.0 T is
to adiabatically convert partial transverse momentum to
longitudinal momentum, which is similar to the matching
section in the pion decay channel. The divergence angle

distributions of the muon beam before and after the
adiabatic section are shown in Fig. 16. This is very important
to reduce the transverse divergent angle for the muon beam
which is critical to obtain a required neutrino spectrum with
an average energy larger than 200 MeV at a far detector of
150 km in distance, because the high-energy neutrino is
emitted only within a very small solid angle with respect to
the muon’s direction. Figure 17 shows the neutrino energy
dependence on the divergent angle and momentum of a
muon. The Focusing-Drift-Focusing-Drift focusing channel
has a transverse acceptance of 65 πmm rad for the reference
momentum with a beam pipe of 800 mm in diameter.
The total muon beam intensity in the decay channel is
1.0 × 1015 μþ=s or 1.8 × 1022 μþ=y, and the neutrino yield
(in pair) is 5.4 × 1021 ν=y which is more than twice the one
at the Neutrino Factory. The neutrino spectra at the far
detectorwith simulated particles are shown in Fig. 18, which
does not take into account neutrino oscillations [56]. The
averaged energy for muon antineutrinos is about 240 MeV,
and the neutrino flux is 4.7 × 1011 ν=ðm2yÞ at the far
detector which is lower than at the NF due to smaller γ or
lower energy. The neutrino fluxes for different capture fields
are summarized in Table IV.
To limit the background by the decays of the pions which

survive into the muon channel below 1% in the neutrino
flux at the far detector, we can use methods either by the
combination of the momentum selection in the chicane and
the bending sections or by prolonging the pion decay
channel from 50 m to about 100 m or by both methods.
Similar to the muon beam discarded by the muon beam

selection section, the remaining undecayed muons at the
end of the muon decay channel can also be used for other
muon applications.

V. DETECTOR CONCEPT

Amuon decay produces two neutrinos of different lepton
charges and flavors, namely, a muon antineutrino and an
electron neutrino for a μþ decay, a muon neutrino and an
electron antineutrino for a μ− decay. Thus taking into
account that partial neutrinos will change their flavors
during the flight, all four neutrino flavors are present and
the detector should be able to distinguish the charge and the
flavor of neutrinos. It should also be able to distinguish
charge current interactions (CC) from neutral current
backgrounds, which could be very small in the case of
low energy neutrino beams.

FIG. 16. Divergence angle distributions before and after the
adiabatic matching section in the case of 14 T capture field.

FIG. 17. Neutrino energy dependence on the divergent angle
and momentum of a muon (this figure needs to be changed with
“divergent angle”).

FIG. 18. Muon antineutrino energy spectra at the far detector of
150 km.

TABLE IV. Neutrino fluxes at the far detector for different
capture fields at the target.

Field level Neutrino flux [ν=ðm2 yÞ]
7 T field 2.1 × 1011

10 T field 3.3 × 1011

14 T field 4.7 × 1011

MUON-DECAY MEDIUM-BASELINE NEUTRINO … Phys. Rev. ST Accel. Beams 17, 090101 (2014)

090101-11

MOMENT; δCP search in China 

Direct relevance to future  
CP violation searches
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Direct relevance to the 
MiniBooNE low-E excess



Reminder: inclusive electron scattering
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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I. INTRODUCTION

The energy spectrum of high-energy leptons !elec-
trons in particular" scattered from a nuclear target dis-
plays a number of features. At low energy loss !"",

peaks due to elastic scattering and inelastic excitation of
discrete nuclear states appear; a measurement of the
corresponding form factors as a function of momentum
transfer #q# gives access to the Fourier transform of
nuclear !transition" densities. At larger energy loss, a
broad peak due to quasielastic electron-nucleon scatter-
ing appears; this peak—very wide due to nuclear Fermi
motion—corresponds to processes by which the electron
scatters from an individual, moving nucleon, which, after
interaction with other nucleons, is ejected from the tar-
get. At even larger ", peaks that correspond to excita-
tion of the nucleon to distinct resonances are visible. At
very large ", a structureless continuum due to deep in-
elastic scattering !DIS" on quarks bound in nucleons ap-
pears. A schematic spectrum is shown in Fig. 1. At mo-
mentum transfers above approximately 500 MeV/c, the
dominant feature of the spectrum is the quasielastic
peak.

*benhar@roma1.infn.it
†dbd@virginia.edu
‡ingo.sick@unibas.ch

FIG. 1. Schematic representation of inclusive cross section as a
function of energy loss.
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Detector

Probing the nucleus

Not possible with 
neutrinos…until now!
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• For the first time, we can make these measurements with neutrinos! 

• A known-energy, purely weak interacting probe of the nucleus.

Neutrinos as a nuclear probe

Various ways to treat the nucleus

300 MeV muon neutrino  
charged current events

}

Plot from 
N. Jachowicz
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Which model of the nucleus, 
relevant for neutrinos, is correct?

J. Spitz, Phys. Rev. D 89 073007 (2014)



(LArTPC is just one option)
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236 MeV muon  
neutrino interaction-physics
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FIG. 8: (Color online) The longitudinal and transverse re-
sponse for 12C(e, e′), for different values of q. Solid lines are
CRPA predictions and dashed-lines are MF predictions. Ex-
perimental data are from Ref. [57] (filled squares) and Ref. [49]
(open squares).
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FIG. 9: (Color online) Different contributions to the total
12C(νµ, µ−) cross section (per neutron) as a function of in-
coming neutrino energy. The sum of transverse and Coulomb-
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 (MeV)µ T
10 210 310

)
-1

M
eV

2
cm

-4
2

 (1
0

µ
/d

T
σ

 d

0

20

40  = 200 MeVνE
 = 300 MeVνE
 = 500 MeVνE
 = 800 MeV νE
 = 1500 MeVνE
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coming neutrino energies. Note the log scale on the horizontal
axis.

as can be seen in panel (b) of Fig. 8. The comparison be-
tween our predictions on 12C with the experimental data
of Refs [49, 57] is quite satisfactory. The longitudinal re-
sponses are overestimated and the transverse responses
are usually underestimated. Our predictions are in-line
with the ones predicted in Ref. [57] and with the contin-
uum shell model predictions of Ref. [63]. It is long known,
that the inclusion of processes involving meson exchange
currents (MEC) are needed to account for the transverse
strength of the electromagnetic response [64, 65]. The
calculations carried out on light nuclei overwhelmingly
suggest that single-nucleon knockout processes, such as in
this work, are dominant in the longitudinal channel while
in the transverse channel two-nucleon processes provide
substantial contributions.

B. Neutrino scattering

The calculation of 12C(νl, l−) response functions in-
volve two vector form factors and one axial form fac-
tor. We use the BBBA05 parameterization of Ref. [66]
for the two vector form factors, and the standard dipole

arXiv:1412.4624
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Where to?
• There are basically two places in the world where one can 

currently do neutrino physics with kaon decay-at-rest. 

• NuMI beam dump at Fermilab

MicroBooNE

NuMI dump
NuMI neutrino beam line

Target station

120 GeV protons 
@600 kW

(102 m)

The target is  
2 interaction lengths (K+ ! µ+⌫µ)

⌫µ



Detector'
• The'design'of'the'tank'was'considered,'and'it'is'

written'at'the'end'of'the'status'report.'

• We'calculate'not'only'the'static'strength'of'the'

tank'but'also'the'endurance'against'the'

earthquake'and'movement'of'the'detector.'

• Well'established'detector� (100ton'/'detector)'
• P56'has'Double'Chooz'/'DayaOBay'collaborators'''

'

• MLF'3rd'floor'is'the'maintenance'area'to'manage'

the'Hg'target'or'beam'equipments.'

• The'interference'between'facility'and'
experiment'should'be'considered.'Also'the'law'
to'operate'the'LS'is'to'be'considered.'

Where to?
30

Figure 6: A schematic view of the MLF facility in J-PARC.
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JSNS2

arXiv:1310.1437 [hep-ex]  
(nominally an LSND-like experiment)

• There are basically two places in the world where one can 
currently do neutrino physics with kaon decay-at-rest. 

• JPARC 3 GeV spallation neutron source 
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J-PARC Facility 
(KEK/JAEA） 

Bird’s eye photo in January of 2008 

South to North 

Neutrino Beams 
(to Kamioka) 

  JFY2009 Beams 

Hadron hall 

Materials and Life 
Experimental Facility 

  JFY2008 Beams 

3 GeV  RCS 

 CY2007 Beams 

400MeV 

25Hz 500kW now & 
will be 1MW 

JSNS2: J-PARC E56 
Sterile ν search  
@MLF 
http://research.kek.jp/group/mlfnu/ 



JSNS2  KDAR νμ signal 

Detector'
• The'design'of'the'tank'was'considered,'and'it'is'

written'at'the'end'of'the'status'report.'

• We'calculate'not'only'the'static'strength'of'the'

tank'but'also'the'endurance'against'the'

earthquake'and'movement'of'the'detector.'

• Well'established'detector� (100ton'/'detector)'
• P56'has'Double'Chooz'/'DayaOBay'collaborators'''

'

• MLF'3rd'floor'is'the'maintenance'area'to'manage'

the'Hg'target'or'beam'equipments.'

• The'interference'between'facility'and'
experiment'should'be'considered.'Also'the'law'
to'operate'the'LS'is'to'be'considered.'
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [48–50]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [51] and the Martini et al. RPA model [50],
which includes multi-nucleon e↵ects. We find that the
di↵erence in the muon kinematic predictions among the
models is not large enough to significantly change the
detector simulation and oscillation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [52].
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events are distributed over a 5 m x 5 m x 140 m box
that fully contains the 120 m long, 3 m diameter cylin-
drical detector. The distribution of events in the box is
weighted to take into account the 1/R2 dependence of
the flux along with the density of the various materials
in the simulation. The small divergence in the neutrino
direction is also considered. The RAT package includes
a model for scintillator physics that derives from models
previously employed by other liquid scintillator experi-
ments such as KamLAND. The processes that are con-
sidered include scintillation, absorption, and reemission.
All three have wavelength dependence. The reflectivity
of surfaces in the detector is simulated using the models
built into Geant4.

⌫µn ! µ�p

µ� ! e�⌫e⌫µ

Prompt signal:
Delayed signal:
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• JSNS2 received Stage-1 approval 
from the KEK and J-PARC 
directorates in 4/2015. 

• The experiment is expected to begin 
taking data within 3 years from now.
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Prospects
34

• The JSNS2 experiment will detect 150k-300k KDAR muon 
neutrino charged current events in 5 years.  
• Unprecedented xsec measurements and nuclear probe.
• Sensitivity to KDAR electron neutrino appearance.
• (Nominally, an LSND-like experiment using muon DAR)

•  MicroBooNE will collect a much more modest sample, but 
detect enough events to provide an important input for 
understanding the MiniBooNE low energy excess.

5

Detector (source) Target (mass) Exposure Distance from source 236 MeV ⌫µ CC events
MicroBooNE (NuMI dump) LAr (90 ton) 1.2⇥ 1021 POT (2 years) 102 m 2300

JSNS2 (JPARC-MLF) Gd-LS (50 ton) 1.875⇥ 1023 POT (5 years) 24 m 152000

TABLE I. The expected monoenergetic ⌫µ CC event rate at two experimental locations along with the beam exposure and
detector assumptions.

what can be expected from these neutrinos, although the
employed impulse approximation is known to simulate
neutrinos, especially ⌫µ, poorly at these relatively low
energies. NuWro is used because it contains a spectral-
function-based simulation for both nuclei [41]. The re-
sults of the neutrino-on-carbon simulation are shown in
Fig. 2. The kinetic energy of the muon is seen along
with a Gaussian smeared energy, given an arbitrary 10%
detection resolution. Also, the post-FSI reconstructed
neutrino energy E⌫ (=Eµ +

Pn
i Ti,proton + Sp, where n

is the number of protons and Sp = 16 MeV is the proton
separation energy for 12C) with a perfect detector, af-
ter considering neutron and de-excitation gammas non-
reconstructable, is shown. The separation energy for a
single proton only is used for simplicity. The apparent
bimodal shape of the distribution is due to the shell struc-
ture of the nucleus and the energy levels of the neutron
within the spectral function implementation. The recon-
structed energy with a perfect muon-only detector Ẽ⌫ ,
given the usual two-body kinematics CCQE formula, as-
suming target nucleon at rest and a binding energy of
34 MeV, is also shown for reference. The shape of the
expected 236 MeV ⌫µ CC event rate distribution in muon
angle and kinetic energy, as simulated with NuWro, is
shown in Fig. 3.

The main requirement for a valuable monoenergetic
⌫µ cross section measurement is that the signal inter-
action is properly identified as such. This determina-
tion relies on the ability to precisely reconstruct the en-
ergy of the neutrino, with the actual energy resolution
needed depending on the background non-monoenergetic
⌫µ flux in the energy region of interest. In the case of
the JPARC-MLF source, for example, the monoenergetic
cross-section-weighted flux, without regard for detector
location, will be a factor of ⇠30 times higher than the
integrated background in an arbitrary true energy win-
dow of 80 MeV around 236 MeV. The actual signal-to-
background at the detector location will likely be signif-
icantly higher than this, given the tentative backward
orientation of the detector relative to the primary proton
beam direction, according to Ref. [34], and resulting de-
crease in the decay-in-flight component at the detector.
For example, the ratio increases to ⇠180 in the case that
only neutrinos with cos ✓z < 0 (where +z is the primary
proton direction) are considered. Regardless, if a ⌫µ CC
event is identified from this source, with even modest
energy resolution, one can be fairly confident that it is
monoenergetic.
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FIG. 2. The NuWro simulation results of 236 MeV ⌫µ (from
K+ ! µ+⌫µ) CC interactions on carbon. The kinetic en-
ergy of the outgoing muon, given a set of detector resolution
assumptions, is shown. The reconstructed neutrino energy
available with a perfect detector is also visible, noting that
de-excitation gammas and neutrons are considered missing
energy here. The reconstructed neutrino energy with perfect
muon-only tracking is also shown for reference.
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The favorable signal-to-background ratio at the
JPARC-MLF may a↵ord the ability to perform these
cross section measurements with a water Cerenkov de-
tector, capable of providing lepton-only kinematic recon-
struction, for a cross section measurement directly appli-



(Kaon production is uncertain)
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Neutrinos from kaon decay-
at-rest can help!

• Cross section and energy reconstruction problems. 

• The sterile neutrino problem.
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Searching for a sterile neutrino  
w/ kaon decay at rest

protons Target

Monoenergetic (236 MeV) neutrino!

Detector

37
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J. Spitz, Phys. Rev. D 85 093020 (2012) 

will discuss later



Monoenergetic (236 MeV) neutrino!

Backgrounds {
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protons Target Detector

Searching for a sterile neutrino  
w/ kaon decay at rest

J. Spitz, Phys. Rev. D 85 093020 (2012) 



protons Target

39

Neutrino energy (GeV)
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

Fl
ux

 (a
rb

itr
ar

y 
un

its
)

810

910

1010

1110

1210

1310

1410

1510
µν +µ →+ from Kµν

Neutrino flux

Searching for a sterile neutrino  
w/ kaon decay at rest

J. Spitz, Phys. Rev. D 85 093020 (2012) 



protons Target

40

Neutrino energy (GeV)
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

Fl
ux

 (a
rb

itr
ar

y 
un

its
)

810

910

1010

1110

1210

1310

1410

1510
µν +µ →+ from Kµν

eν
+e-π →

L
0, Keν

+e0π →+ from Keν

Neutrino flux

Searching for a sterile neutrino  
w/ kaon decay at rest

J. Spitz, Phys. Rev. D 85 093020 (2012) 



JSNS2 KDAR νe appearance 
• KDAR electron neutrino appearance with JSNS2 is challenging 

because of beam-related background. Enhanced shielding and/or a 
phase 2 “far detector” will make this possible in the future. 

• The LSND-like muon decay-at-rest electron antineutrino appearance 
search is very promising, however. [not discussed here]

500 kg plastic scintillator 
background measurement 

@20 m from J-PARC MLF source
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One more KDAR idea
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Experiment name Type Oscillation 
channel Significance

LSND Low energy 
accelerator

muon to electron 
(antineutrino) 3.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(antineutrino) 2.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(neutrino) 3.4σ

Reactors Beta decay
electron 

disappearance 
(antineutrino)

1.4-3.0σ 
(varies)

GALLEX/SAGE Source 
(electron capture)

electron 
disappearance 

(neutrino)
2.8σ

What about muon disappearance?

If sterile neutrinos exist, there must be some amount of νμ disappearance!
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Experiment name Type Oscillation 
channel Significance

LSND Low energy 
accelerator

muon to electron 
(antineutrino) 3.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(antineutrino) 2.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(neutrino) 3.4σ

Reactors Beta decay
electron 

disappearance 
(antineutrino)

1.4-3.0σ 
(varies)

GALLEX/SAGE Source 
(electron capture)

electron 
disappearance 

(neutrino)
2.8σ

What about muon disappearance?

Accelerator-based experiments 
(e.g. MicroBooNE, SBN 

program at FNAL, JSNS2,…)

Remeasuring reactor neutrinos 
up close, high intensity neutrino 
sources up close (e.g. Nucifer, 

Prospect, SOX, IsoDAR, …)

If sterile neutrinos exist, there must be some amount of νμ disappearance!



2

FIG. 1: An aerial view from Google Maps (2015) of the Ma-
terials and Life Science Experimental Facility layout with a
superimposed schematic drawing [30] of the first floor, includ-
ing the target station. The proposed KPipe location (shown
with a dotted contour) is 32 m from the target station and
102� with respect to the incident proton beam direction. The
detector extends radially outward from the target station.

neutrinos is known, indications of ⌫µ disappearance may
be seen along the length of the KPipe detector as os-
cillating deviations from the expected 1/R2 dependence
in the rate of ⌫µ charged-current (CC) interactions. A
measurement of such a deviation over a large range of
L/E would not only be a clear indication for the exis-
tence of at least one light sterile neutrino, but also begin
to disambiguate among di↵erent sterile neutrino models.

II. THE KDAR SOURCE AND KPIPE
DETECTOR DESIGN

The Materials and Life Science Experimental Facility
(MLF) at the Japan Proton Accelerator Research Com-
plex (J-PARC) in Tokai, Japan houses a spallation neu-
tron source used for basic research on materials and life
science, as well as research and development in industrial
engineering. It is also an intense, yet completely unuti-
lized, source of neutrinos that emits the world’s most in-
tense flux of KDAR monoenergetic (236 MeV) ⌫µs. Neu-
tron beams, along with muon neutrinos produced from
kaons, pions, and muons, are generated when a mercury
target is hit by a pulsed, high intensity proton beam from
the J-PARC rapid-cycling synchrotron (RCS) [30]. The
RCS delivers a 3 GeV, 25 Hz pulsed proton beam, which
arrives in two 80 ns buckets spaced 540 ns apart. The fa-
cility provides users 500 kW of protons-on-target (POT)
but has demonstrated its eventual steady-state goal of
1 MW, albeit for short times [38]. The proton-on-target

FIG. 2: The KPipe detector design, featuring a 3 m inner
diameter high density polyethylene (HDPE) vessel filled with
liquid scintillator. Silicon photomultipliers (SiPMs) are seen
mounted on the interior panels in hoops spaced by 10 cm in
the longitudinal direction. The cosmic ray veto is a 10 cm
space between the panels and the outer HDPE wall.

interaction provides an intense source of light mesons, in-
cluding kaons and pions, which usually come to rest in
the high-A target and surrounding shielding.
KPipe will search for muon-flavor disappearance with

CC interactions of 236 MeV ⌫µs on carbon nuclei
(⌫µ12C ! µ�X) in liquid scintillator. This interaction
produces a visible muon and X, where X is some combi-
nation of an excited nucleus, de-excitation photons, and
one or more ejected nucleons after final state interactions.
The goal of the KPipe detector design is to e�ciently
identify these 236 MeV ⌫µ CC events, broadly character-
ized by two separated flashes of light in time coming from
the prompt µ�X followed by the muon’s decay electron.
The KPipe design calls for a relatively low cost, 3 m in-

ner diameter (ID) steel-reinforced, high-density polyethy-
lene (HDPE) pipe that is filled with liquid scintillator. As
shown in Fig. 1, the pipe is positioned so that it extends
radially outward from the target station. The upstream
location maximizes the sensitivity to oscillations by be-
ing the shortest possible distance from the source, given
spatial constraints. We have found that a long detector
(120 m, 684 tons) is most suitable for optimizing sensitiv-
ity to oscillations across a wide range of the most perti-
nent parameter space, in consideration of current global
fit results, the neutrino energy, 1/R2, and estimated cost.
The interior of the pipe contains a cylinder constructed

with an assembly of highly reflective panels that opti-
cally separate the active volume from the cosmic ray
(CR) veto. Hoops of inward-facing silicon photomulti-
pliers (SiPMs) are mounted on the interior of the panels.
There are 100 equally-spaced SiPMs per hoop, and each
hoop is separated longitudinally by 10 cm (see Fig. 2).
The space surrounding the inner target region on the
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FIG. 1: An aerial view from Google Maps (2015) of the Ma-
terials and Life Science Experimental Facility layout with a
superimposed schematic drawing [30] of the first floor, includ-
ing the target station. The proposed KPipe location (shown
with a dotted contour) is 32 m from the target station and
102� with respect to the incident proton beam direction. The
detector extends radially outward from the target station.

neutrinos is known, indications of ⌫µ disappearance may
be seen along the length of the KPipe detector as os-
cillating deviations from the expected 1/R2 dependence
in the rate of ⌫µ charged-current (CC) interactions. A
measurement of such a deviation over a large range of
L/E would not only be a clear indication for the exis-
tence of at least one light sterile neutrino, but also begin
to disambiguate among di↵erent sterile neutrino models.

II. THE KDAR SOURCE AND KPIPE
DETECTOR DESIGN

The Materials and Life Science Experimental Facility
(MLF) at the Japan Proton Accelerator Research Com-
plex (J-PARC) in Tokai, Japan houses a spallation neu-
tron source used for basic research on materials and life
science, as well as research and development in industrial
engineering. It is also an intense, yet completely unuti-
lized, source of neutrinos that emits the world’s most in-
tense flux of KDAR monoenergetic (236 MeV) ⌫µs. Neu-
tron beams, along with muon neutrinos produced from
kaons, pions, and muons, are generated when a mercury
target is hit by a pulsed, high intensity proton beam from
the J-PARC rapid-cycling synchrotron (RCS) [30]. The
RCS delivers a 3 GeV, 25 Hz pulsed proton beam, which
arrives in two 80 ns buckets spaced 540 ns apart. The fa-
cility provides users 500 kW of protons-on-target (POT)
but has demonstrated its eventual steady-state goal of
1 MW, albeit for short times [38]. The proton-on-target

FIG. 2: The KPipe detector design, featuring a 3 m inner
diameter high density polyethylene (HDPE) vessel filled with
liquid scintillator. Silicon photomultipliers (SiPMs) are seen
mounted on the interior panels in hoops spaced by 10 cm in
the longitudinal direction. The cosmic ray veto is a 10 cm
space between the panels and the outer HDPE wall.

interaction provides an intense source of light mesons, in-
cluding kaons and pions, which usually come to rest in
the high-A target and surrounding shielding.
KPipe will search for muon-flavor disappearance with

CC interactions of 236 MeV ⌫µs on carbon nuclei
(⌫µ12C ! µ�X) in liquid scintillator. This interaction
produces a visible muon and X, where X is some combi-
nation of an excited nucleus, de-excitation photons, and
one or more ejected nucleons after final state interactions.
The goal of the KPipe detector design is to e�ciently
identify these 236 MeV ⌫µ CC events, broadly character-
ized by two separated flashes of light in time coming from
the prompt µ�X followed by the muon’s decay electron.
The KPipe design calls for a relatively low cost, 3 m in-

ner diameter (ID) steel-reinforced, high-density polyethy-
lene (HDPE) pipe that is filled with liquid scintillator. As
shown in Fig. 1, the pipe is positioned so that it extends
radially outward from the target station. The upstream
location maximizes the sensitivity to oscillations by be-
ing the shortest possible distance from the source, given
spatial constraints. We have found that a long detector
(120 m, 684 tons) is most suitable for optimizing sensitiv-
ity to oscillations across a wide range of the most perti-
nent parameter space, in consideration of current global
fit results, the neutrino energy, 1/R2, and estimated cost.
The interior of the pipe contains a cylinder constructed

with an assembly of highly reflective panels that opti-
cally separate the active volume from the cosmic ray
(CR) veto. Hoops of inward-facing silicon photomulti-
pliers (SiPMs) are mounted on the interior of the panels.
There are 100 equally-spaced SiPMs per hoop, and each
hoop is separated longitudinally by 10 cm (see Fig. 2).
The space surrounding the inner target region on the

The idea:  
Use a very long liquid scintillator detector to look for νμ 

disappearance (in L) using 236 MeV KDAR νμ CC events
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

A very pure flux of KDAR neutrinos!
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beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

If you detect a numu CC event, you can be 98.5% sure that it  
was a 236 MeV muon neutrino!
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where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [47–49]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [50] and the Martini et al. RPA model [49],
which includes multi-nucleon e↵ects. We find that the
di↵erence in the muon kinematic predictions among the
models is not large enough to significantly change the
detector simulation and oscillation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [51].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events are distributed over a 5 m x 5 m x 140 m box
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

that fully contains the 120 m long, 3 m diameter cylin-
drical detector. The distribution of events in the box is
weighted to take into account the 1/R2 dependence of
the flux along with the density of the various materials
in the simulation. The small divergence in the neutrino
direction is also considered. The RAT package includes
a model for scintillator physics that derives from models
previously employed by other liquid scintillator experi-
ments such as KamLAND. The processes that are con-
sidered include scintillation, absorption, and reemission.
All three have wavelength dependence. The reflectivity
of surfaces in the detector is simulated using the models
built into Geant4.

In addition to the simulation of KDAR neutrino inter-
actions with the detector and surrounding material, we
simulate the propagation of CR throughout the volume.
We use the simulation package CRY [52] to study the
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

Since you know the energy of the neutrino, you don’t need to worry about 
energy resolution. KPIPE calls for 0.4% photocoverage. 

Estimated cost of experiment: $4.5M
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a ⇡+. The latter can then stop and decay to a muon fol-
lowed by a Michel electron. We assume that this back-
ground is negligible for this study. All in-time beam-
related backgrounds will be measured before deploying
KPipe, and adequate shielding will be installed in order
to mitigate them.

Overall, our studies indicate that the dominant back-
ground is from CR shower events that are not removed
by the above cuts. Of the 27 Hz rate that passes, the
simulations show that 70% of the rate is due to stopping
muons. The remaining 30% is due to showers involving
photons, electrons, and neutrons. In the simulation, we
do not include any additional passive shielding, for ex-
ample coming from overburden. If the detector is buried
or shielded, we expect these non-muon backgrounds to
be further reduced. The CR background should be dis-
tributed uniformly throughout the detector and can be
measured precisely using identified out-of-time stopped
muons. As a result, only the statistical error from the
total number of background events expected to pass the
cuts is included in the sensitivity analysis, described later
in Section V.

B. Detection e�ciency

The cuts introduce ine�ciency in the signal. We as-
sume that the neutrino events are distributed evenly in
radius and fall as 1/R2 throughout the detector. Signal
events near the lateral edge of the target region can exit
the detector before the muon can decay. This leads to
an acceptance that is a function of radius. Based on an
active detector radius of 1.45 m, we find an acceptance
of 87% with respect to KDAR ⌫µ CC interactions whose
true vertex is in the target region. The selection cuts
described above are 89% e�cient according to the simu-
lation. This includes events where the muon is captured
by the nucleus, which occurs in the target region 6% of
the time. For a subset of these events, there is also an
additional 0.75% dead-time loss due to the rate of CR
events in the veto.

In summary, the total e�ciency for all signal events
is 77%, leading to an expected total KDAR ⌫µ CC rate
of 7.8 ⇥ 104 events distributed along the pipe’s active
volume per year of running. This is on average 4.9 ⇥
10�5 KDAR events per proton beam window without
oscillations. This compares with 3.4⇥10�6 CR events per
proton beam window. In the most upstream 1 m of the
detector, the unoscillated signal to background ratio is
about 60:1; in the most downstream 1 m of the detector,
the unoscillated signal to background ratio is about 3:1.

V. SENSITIVITY

The expected number of ⌫µ events as a function of dis-
tance is determined numerically for a no-oscillation hy-
pothesis using the CC cross-section, ⌫µ production rate,
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FIG. 9: Three sample oscillation probability measurements as
a function of L for 3 years of running. The error bars incor-
porate statistical uncertainties of both the ⌫µ signal and the
cosmic ray background. The equivalent range of observable
L/E corresponds to 0.14 to 0.64 m/MeV.

detector up-time, and total e�ciency (values shown in
Table I). First events are generated in the detector with
a given energy and position. Each event is then oscil-
lated according to Equation 3 and smeared to incorpo-
rate the baseline uncertainties coming from the neutrino
creation point and the position reconstruction resolution.
The oscillation probabilities for three di↵erent �m2 val-
ues (1, 5, 10 eV2) can be seen in Fig 9. The error bars
correspond to the statistical uncertainty associated with
a 3 year ⌫µ measurement with a CR rate of 27 Hz. This
background rate corresponds to 132 CR events that pass
our selection cuts for each 1 m slice of the detector.
The sensitivity of the experiment is evaluated using

a shape-only �2 statistic similar to that described in

Parameter Value
Detector length 120 m

Active detector radius 1.45 m
Closest distance to source 32 m
Liquid scintillator density 0.863 g/cm3

Active detector mass 684 tons
Proton rate (1 MW) 3.75 ⇥1022 POT/year

KDAR ⌫µ yield (MARS15) 0.0072 ⌫µ/POT
⌫µ CC � @ 236 MeV (NuWro) 1.3⇥ 10�39 cm2/neutron
Raw KDAR CC event rate 1.02⇥ 105 events/year
KDAR signal e�ciency 77%

Vertex resolution 80 cm
Light yield 4500 photons/MeV

⌫µ creation point uncertainty 25 cm
Cosmic ray background rate 27 Hz

TABLE I: Summary of the relevant experimental parameters.
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FIG. 11: The 90% CL sensitivity of KPipe with 6 years of
running, compared to the sensitivity from 6 years of the SBN
program. The KPipe sensitivity estimate includes the cosmic
ray background, signal e�ciencies, and reconstruction uncer-
tainties described in the text.

236 MeV muon neutrinos coming from the decay-at-rest
of positively charged kaons. The KPipe experiment seeks
to take advantage of this source for a decisive ⌫µ dis-
appearance search at high-�m2 in order to address the
existing anomalies in this parameter space. The 120 m
long, 3 m diameter liquid scintillator based active volume
(684 ton) will feature 0.4% photo-coverage for detecting

these ⌫µ CC events in an attempt to discern an oscillation
wave along the length of the detector.
In contrast to other neutrino sources, the KPipe neutri-

nos are dominantly monoenergetic. This provides a great
advantage in searching for neutrino oscillations. A neu-
trino (or antineutrino) induced double-coincidence muon
signal detected with KPipe has a 98.5% chance of being
from a 236 MeV ⌫µ CC event. This simple fact allows
the active detector requirements to be extremely modest,
the systematic uncertainties to be practically eliminated,
and the detector’s energy resolution to be only a weak
consideration.
Within three years of running, KPipe will be able to

cover the current global fit allowed region to 5�. The
sensitivity for a 6 year run at the J-PARC facility will
enhance existing single experiment limits on ⌫µ disap-
pearance by an order of magnitude in �m2. Such a mea-
surement, when considered alone, or in combination with
existing and proposed electron flavor disappearance and
appearance measurements, can severely constrain mod-
els associated with oscillations involving one or more light
sterile neutrinos.
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• 6 years of running 

• Extends limit at high-Δm2 by 
an order of magnitude. 

• Highly complementary to 
SBN program. 

• 6 years of MicroBooNE 

• 3 years of T600 and SBND.
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

Measure me!
• Standard candle for muon 

kinematics. 

• First measurement of ω with 
neutrinos. 

• Check of CCQE formula. 

• First known energy, weak-
interaction-only nuclear probe. 

• Electron neutrino appearance. 

• Muon neutrino disappearance.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [48–50]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [51] and the Martini et al. RPA model [50],
which includes multi-nucleon e↵ects. We find that the
di↵erence in the muon kinematic predictions among the
models is not large enough to significantly change the
detector simulation and oscillation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [52].
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FIG. 5: The muon and total kinetic energy (KE
tot

= KEµ +P
KE

p

) for the signal 236 MeV ⌫µ charged current events
compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events are distributed over a 5 m x 5 m x 140 m box
that fully contains the 120 m long, 3 m diameter cylin-
drical detector. The distribution of events in the box is
weighted to take into account the 1/R2 dependence of
the flux along with the density of the various materials
in the simulation. The small divergence in the neutrino
direction is also considered. The RAT package includes
a model for scintillator physics that derives from models
previously employed by other liquid scintillator experi-
ments such as KamLAND. The processes that are con-
sidered include scintillation, absorption, and reemission.
All three have wavelength dependence. The reflectivity
of surfaces in the detector is simulated using the models
built into Geant4.
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How to differentiate signal from background?

NuWro sim

Event class 236 MeV ⌫µ CC

Physics xsec and nuclear probe

Prompt signal µ-like, 0-110 MeV

Double coincidence? Yes

Total KE of outgoing particles ⇠130 MeV



“Point 2” measurement
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Figure 4: Correlation between energy and timing of the events observed at Point 2.
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Event class 236 MeV ⌫µ CC

Physics xsec and nuclear probe

Prompt signal µ-like, 0-110 MeV

Double coincidence? Yes

Total KE of outgoing particles ⇠130 MeV

How to differentiate signal from background?
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J-PARC Sterile Neutrino Search at the  
J-PARC Spallation Neutron Source (JSNS

2
)

• Nominally, an experiment to test LSND using pi/mu decay-at-rest.
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FIGURE 2. Ratio of MiniBooNE νµ CCQE data/simulation as a function of reconstructed muon angle
and kinetic energy. The prediction is prior to any CCQE model adjustments; the χ2/dof= 79.5/53. The
ratio forms a 2D surface whose values are represented by the gray scale, shown on the right. If the
simulation modeled the data perfectly, the ratio would be unity everywhere. Contours of constant Eν
and Q2 are overlaid.

where gA is axial coupling constant (=1.267). This treatment is also justified because
elastic electron scattering cannot measure the axial mass precisely. Interestingly, the high
axial mass is also observed by the K2K experiment in Japan [6].

Pauli blocking parameter κ

Currently, MiniBooNE is using the NUANCE neutrino interaction generator [7]. In
NUANCE, CCQE interactions on carbon are modeled by the Relativistic Fermi Gas
(RFG) model [4]. To achieve our goal within the RFG model, we introduced a new
parameter “kappa”, κ ,

Ehi =
√

p2F +M2
n Elo = κ(

√

p2F +M2
p−ω+EB) (2)

where Mn is the target neutron mass, Mp is the outgoing proton mass, PF is Fermi
momentum (=220MeV ), EB is binding energy (=34MeV ), and ω is the energy transfer.
In the RFG model, Ehi is the energy of an initial nucleon on the Fermi surface and Elo
is the lowest energy of an initial nucleon that leads to a final nucleon just above the
Fermi momentum. The function of parameter κ is to squeeze down the phase space of
the nucleon Fermi sea, especially when the energy transfer is small. From Fig. 3, one
can see that this parameter controls the Q2 distribution only in the low Q2 region. This
is quite complementary to the role of MA, since MA mainly controls the Q2 distribution
in the high Q2 region.
We use these 2 parameters to perform a grid search to find the χ2 minimum. Here, we

take into account all possible correlations between systematics by using the inverse of
the full error matrix, not by adding systematics as pull terms.
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FIGURE 3. Effect of MA and κ variations on the MiniBooNE, flux integrated Q2 distribution. The
top plot shows various MA with fixed κ , and bottom plot shows various κ with fixed MA. Note, the MA
variation has large impact at high Q2 while the κ variation has a significant impact only for Q2 below
∼ 0.2GeV 2.

Fit result

Finally, the parameters extracted from the MiniBooNE νµ CCQE data are:

MA = 1.23±0.20 GeV ; (3)
κ = 1.019±0.011 . (4)

Tab. 1 shows the contributions to the systematic uncertainties on MA and κ . The
detector model uncertainties dominate the error inMA due to their impact on the energy
and angular reconstruction of CCQE events in the MiniBooNE detector. The dominant
error on κ is the uncertainty in the Q2 shape of background events.
The result of this fitting, including all sources of systematic uncertainty, is shown in

Fig. 4. Since the background error dominates at low Q2, and it drives the large error
bars at low Q2. Note that, the shape uncertainty of the background, namely the Q2
distribution shape uncertainty of CC1π+ events, is not included in these error bands.
From the data, we know that the predicted Q2 shape of CC1π+ events have large
errors [8]. The extracted shape information from the data is implemented in our MC,
and the fit is performed again. The result of those 2 fits, one using the MC predicted
CC1π+ distribution, and the other is using MC tuned on CC1π+ data, are shown with
the star and the triangle in the inserted plot in Fig. 4. The difference is interpreted as a
background shape uncertainty error and added to the extracted parameters.
Fig. 5 shows the agreement between data and simulation after incorporating the MA

and κ values from the Q2 fit to MiniBooNE νµCCQE data. Comparing to Fig. 2, the
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